Introduction
Distillery spent-wash has very high organic content (75 000 to 125 000 mg/L chemical oxygen demand [COD] ) and dark brown color. Treatment of distillery spent-wash using the best commer cially available technology involving anaerobic biod?gradation fol lowed by aerobic degradation produces effluent with unacceptably high COD and color. Thus, discharge of treated distillery effluent may be harmful to flora and fauna in receiving water bodies and also may pose problems for water treatment plants situated down stream of the distillery effluent discharge point. The cause for high COD and color in treated distillery effluent is the presence of refractory organic compounds with tannin and lignin-like structures, for example, cross-linked polyphenols, of natural origin, which are resistant to biod?gradation.
The efficiency of ozonation and other advanced oxidation processes in degradation of recalcitrant organic compounds of both natural and anthropogenic origin has been extensively documented (Benoit-Guyod et al., 1986; Dillert and Bahnemann, 1992; Glaze and Kang, 1988; Gurol and Vatistas, 1987; Herrmann et al., 1993; Kusakabe et al, 1991; Legrini et al., 1993; Linsebigler et al., 1995; Peyton et al., 1982; Prengle, 1983) . For complex wastewaters containing some recalcitrant organic matter, biological pretreatment is often the most cost-effective means of removing easily oxidizable organic compounds before ozonation. To further minimize costs, ozonation is only used for partial oxidation of remaining refractory organic compounds, the aim being the modification of persistent organic compounds (hard COD) into biodegradable fractions, which can be mineralized by subsequent biological treatment^ (Beltran-heredia et al., 2000) . Beltran et al. (1993) reported that biological tillery spent-wash presented problems because of ^ refractory compounds such as polyphenols, whic?j microorganisms if present in high concentrations, phenols are aromatic compounds prone to attack by' agents, such as ozone, ozonation seems to be a suitable1! increasing the biodegradability of such wastewater. Che^ dation of distillery spent-wash by various advanced oxida" cesses have been studied by (Beltran, Encinar, Gonzale^ Beltran, Gonzalez, Gonzalez, 1997) . In another study (Beltra 2000) , a mixture of wine-distillery and domestic wastewat?l continuously treated by combined ozonation-activated sj (ASP) and ASP-ozonation systems. It was found that ozo| pretreatment followed by aerobic biological oxidation preferable treatment option based on achievement of the effluent quality. In a study to investigate the effect of pi on ozonation of distillery spent-wash (Beltran et al., 200lj reported that ozonation improved wastewater biodegraj shown by the high five-day biochemical oxygen dg to-COD ratio (BOD5:COD) of ozonated wastewa, on the ozonation of distillery spent-wash den pH, COD, color, and average molecular BOD5 and BOD5:COD (Alfafara et al^" (2006) the interaction of ozone with organic matter present in the aqueous phase (Beltran et al., 2001 ). Thus, it was contemplated that pH reduction and removal of inorganic carbon from the solution matrix before ozonation may be advantageous. Taking the above points into consideration, the overall objective of this study was to sys tematically evaluate and compare various strategies for ozone assisted biological treatment of distillery spent-wash to maximize COD and color removal. Specifically, the objectives of this study were as follows:
Performance evaluation of laboratory-scale anaerobic reactors maintained for treatment of distillery wastewater. Using anaerobically treated and ozonated distillery spent-wash as feed for aerobic reactors and monitoring performance char acteristics of these reactors to determine the effect of ozonation on subsequent aerobic biodegradability compared with unozo nated controls.
Determination of the advantages of pH reduction and removing inorganic carbon from distillery spent wash before ozonation, with special regard to improvements in ozone absorption effi ciency and subsequent aerobic biodegradability.
Analtical and Experimental Methods
Distillery spent-wash was collected from Unnao Distillery and Breweries, Unnao, Uttar Pradesh, India, and used as feed for the anaerobic reactors and further experimentation, as described below.
Maintenance of Anaerobic Reactors. Eight suspended growth anaerobic reactors (reactor numbers Rl to R8), each of 5-L capacity, were maintained. Hydraulic retention time (HRT) in all reactors was 20 days. The feed for reactors Rl to R4 was distillery spent-wash, diluted 1.67 times with tap water. Undiluted distillery spent-wash procured for this research had a COD of approximately 80 000 mg/L. Hence, after dilution, the COD concentration was approximately 47 000 mg/L. The above reactors were operated in semicontinuous mode with a retention time of 20 days (i.e., 250 mL of the reactor contents was removed and 250 mL of feed was added each day). Reactors R5 to R8 were maintained with a feed con sisting of a mixture of 140 mL of undiluted distillery spent-wash (COD approximately 80 000 mg/L), 60 mL of mixed effluent from reactors Rl to R4, and 50 mL with tap water to determine if co metabolism with fresh distillery effluent can lead to further deg radation of the organics in the effluent from Reactors Rl to R4. A detailed description of reactor operation is provided elsewhere (Srivastava et al, 2006) . Experimental Protocol. In phase I experiments, anaerobic ef fluent from reactors Rl to R4 was diluted and ozonated at various ozone doses and then used as feed for aerobic reactors maintained to test enhancement of biodegradability of such effluents as a result of ozonation. In phase II experiments, the pH of diluted anaerobic effluent was reduced to 4 by addition of sulfuric acid. Pure oxygen was then bubbled through the effluent for stripping of carbon dioxide (inorganic alkalinity). This effluent was then ozonated at various ozone doses and tested as before to determine enhancement of biodegradability resulting from ozonation.
Ozonation of Anaerobic Reactor Effluent. The description of the experimental setup and ozonation reactor used for ozonating distillery effluent is provided elsewhere (Srivastava et al., 2006) . Maintenance of Aerobic Reactors. The purpose of maintain ing aerobic reactors was to assess the biodegradability of anaer obically treated distillery effluent after ozonation at various ozone doses. A schematic of a typical reactor is shown in Figure 1 . The liquid volume in these reactors was 100 mL. Air was supplied from bottom of the reactors using a compressor (model Comair NF264, India), where it bubbled through the porous ceramic plate and 1963 ?117 1935 ? 165 1978 ?91.2 1969 ? 105 1937 ? 106 1943 ? 113 1948 ?113 1928 ? 94 Total a n = number of samples considered for steady-state performance evaluation (n = 39). b Both are expressed in mg/L as calcium carbonate.
moved up through the reactor. The reactors were operated in semi continuous mode, with an HRT of 2.5 days. During daily feeding of the reactors, air supply to the reactors was stopped, and sludge accumulated in the reactor was allowed to settle for 30 minutes before withdrawal of 40 mL of supernatant through the glass tube at the top by using a syringe and addition of an equal volume of feed.
The biological solids retention time in the reactors was very high because no sludge was wasted except for any inadvertent loss when settled effluent was withdrawn each day.
Ten reactors were maintained, of which five (RBI to RB5) were fed with anaerobically treated distillery effluent ozonated at various doses, but without alkalinity removal before ozonation (phase I experiments). The other five reactors (RC1 to RC5) were fed with the same effluent, but ozonated at various doses after pH reduction and alkalinity removal (phase II experiments). During startup, the reactors were inoculated with acclimatized seed, whose preparation has been described elsewhere (Srivastava et al., 2006 Analytical Methods. The COD concentrations of the samples were analyzed by the closed reflux method, as described in Standard Methods (method 5220 C, APHA et al., 1995) . The pH was measured using a combination pH electrode (Toshiwal CL-51, India) connected to a digital pH meter (Toshiwal CL-54, India).
Samples were analyzed for inorganic and total carbon according to Standard Methods (APHA et al., 1995) for determination of TOC using a carbon analyzer (model TOC-VCpn> Shimadzu, Japan).
Color was measured with respect to the platinum-cobalt scale, as described in Standard Methods (APHA et al, 1995) . The BOD measurement was carried out using an automatic BOD measure ment apparatus (Hach BODTrak, Hach Company, Loveland, Colorado). Acclimatized seed required for BOD measurement of ozonated samples was obtained from the aerobic reactors treating ozonated distillery wastewater. The absorbance measurement was carried out as described in Standard Methods (APHA et al., 1995) using a UV-visible spectrophotometer (Var?an CARY 50, Palo Alto, California). The samples were suitably diluted when absorbance values of samples were greater than 1.
Results and Discussion
Performance of Anaerobic Reactors Treating Distillery Spent-Wash. Undiluted distillery spent-wash with a COD of ap proximately 80 000 mg/L was diluted 1.67 times with tap water and used as feed for anaerobic reactors Rl to R4, operated at a 20-day HRT. Steady-state performance evaluation data for these reactors are presented in Table 1 . Average effluent COD from these reactors was approximately 17 500 mg/L, and the resultant COD removal was approximately 63.4%. It was further determined that more than 90% of the COD removed from the aqueous phase in all reactors was converted to COD associated with methane gas. The inorganic alkalinity and volatile fatty acid (VFA) values of the reactor con tents were also measured and found to be as expected in well operated anaerobic reactors. Literature reports also suggest that maximum COD removal during anaerobic degradation of distillery spent-wash is in the range 60 to 70%, regardless of the reactor configuration. This has been demonstrated for upflow anaerobic filters (Perez et al., 1998) , downflow stationary fixed film reactors (Buffiere et al., 1999) , anaerobic fluidized bed reactors (Perez et al, 1998) , anaerobic baffled reactors (Bachmann et al., 1985) , and upflow anaerobic sludge blanket reactors.
Reactors R5 to R8 were operated with a mixture of 140 mL of undiluted distillery spent-wash (COD approximately 80 000 mg/L), In all cases, ozone absorption efficiency was approximately 100% (i.e., the ozone concentration in gas effluent from the reactor was approximately 0 initially), but the effluent gaseous ozone concen tration increased with the increase in ozone absorption in the reactor.
During phase I ozonation, the decline in absorption efficiency was more rapid, with absorption efficiency being only approximately 40% at an ozone dose of 6 mg ozone absorbed/mg initial TOC. In the case of phase II experiments, ozone absorption efficiency declined to approximately 75% after application of the same ozone dose.
In the case of phase I experiments, the pH of the aliquots measured before ozonation was approximately 7 and did not change appreciably during the course of ozonation. However, many studies (e.g., Langlais et al., 1991) have reported formation of aliphatic structures with carboxylic (-COOH), alcoholic (-OH), and aldehyde (-CHO) functional groups because of ozonation of complex organic compounds. Formation of organic acids should result in a decline in pH. However, when well-buffered aliquots are ozonated as during the phase I experiment, a decline in pH may not be observed. In the case of phase II experiments, ozonation was carried out pH 4 after removing alkalinity resulting from the presence of inorganic carbon.
In these cases, the pH of the aliquots declined because of ozonation from the initial value of 4 to as low as 2.49. This was because of the absence of alkalinity to buffer pH decrease resulting from the formation of strong organic acids as ozonation byproducts.
Effect of Ozonation on Physical and Chemical Properties. Ozonation of aliquots during phases I and II experiments resulted in partial mineralization of organic carbon as manifested by a decline in TOC values shown in Figures 3a and b , respectively. The rate of mineralization was observed to be relatively constant with the increase in ozone dose for the phase I experiments. In the case of the phase II experiments, the rate of mineralization was faster than in the phase I experiments at lower ozone doses, but slowed down with an increase in ozone dose, such that, at an ozone dose of 6 mg ozone absorbed/mg initial TOC, mineralization in both cases was observed to be approximately 45%. Ozonation also led to a decline in COD in phases I and II experiments (see Figures 4a and b, respectively). The decline in COD is attributable to the following: (1) mineralization, as shown by the decline in TOC with ozonation; and (2) partial oxidation of organic matter remaining in solution. The rate of COD decline was relatively constant at lower ozone doses for the phase I experiments, before declining at higher ozone doses. The rate of COD decline was faster for the phase II experi ments at lower ozone doses. However, at an ozone dose of 6 mg ozone absorbed/mg initial TOC, COD reduction, in both cases, was observed to be approximately 80%. Because COD was observed to decline faster than TOC, the COD-to-TOC ratio (COD:TOC) also oxidized are generally considered to be more easily attacked by microorganisms than those that are not (Boethling et al., 1994) . Beltran et al. (1999) used absorbance at 280 nm as a measure of aromatic content of industrial wastewaters. To account for the decline in TOC with ozonation, specific UV absorbance at 280 nm (i.e., absorbance at 280 nm per mg/L TOC) was considered to be a more accurate indicator of aromatic content. The plot of specific UV absorbance at 280 nm versus absorbed ozone is presented in Figure 6a , which shows a decline in UV absorbance at 280 nm with an increase in ozone dose. The rate of decline is similar for both phases I and II experiments, with the initial rate of decline being fast, followed by a slower decline at higher ozone doses. Boethling and Sabijic (1989) used as feed for the five aerobic reactors, RBI to RB5, maintained to evaluate the aerobic biodegradability of the ozonated aliquots.
Steady-state performance analyses of these reactors are presented in Table 2 . In phase II experiments, anaerobically treated distillery effluent was diluted as before, and then its pH was adjusted to 4, followed by stripping of alkalinity resulting from dissolved carbon dioxide. Ozonation was carried out for 0, 30, 60, 90, and 120 minutes, which corresponded to ozone doses of 0.00, 1.40, 2.87, 4.23, and 5.33 mg ozone/mg initial TOC, respectively. The pH of the ozonated aliquots were readjusted to 7, and these aliquots were used as feed for aerobic reactors RC1 to RC5, maintained to evaluate the aerobic biodegradability of the ozonated aliquots. Steady-state performance analyses of these reactors are presented in Table 3 . the more oxidized portion of organic matter and accumulation of the reduced and presumably refractory organic matter in the reactor.
Effluent pH was slightly higher than influent pH, probably because of stripping of carbon dioxide during aeration in the reactor. The BOD5:COD of the effluents from the aerobic reactors was below 0.15 in all cases (see Figure 7b ), suggesting nearly complete degra dation of the biodegradable portion of organic matter in all reactors.
Overall Treatment. Overall treatment measured in terms of COD degradation for unozonated distillery effluent is presented in Table 4 . Table 4 may be considered as the baseline values with which the effect of ozonation on COD removal, as determined through subsequent experiments, may be compared. Overall COD removal resulting from the introduction of an ozonation step between the anaerobic and aerobic biod?gradation processes is presented in Table 5 for phase I experiments. Overall COD removal increased from 70.8% with no ozonation to 79.9, 84.2, 92.0, and 95.8% when the anaerobic effluent was ozonated at ozone doses of 1.50, 2.77, 3.75, and 5.25 mg ozone absorbed/mg initial TOC, respectively, before aerobic biod?gradation. This enhanced COD degradation was partially a result of COD reduction by ozonation and partly a result of enhanced aerobic bio degradability of the ozonated effluent. In the case of phase II experiments, where ozonation was carried out at pH 4 and inorganic carbon was removed before ozonation, the effect of ozonation on overall COD removal was qualitatively similar (see Table 6 ). In this case, overall COD removal increased from 70.1% with no ozonation to 86.3, 89.9, 93.8, and 97.8% when the anaerobic effluent was ozonated at ozone doses of 1.46, 2.87, 4.23, and 5.33 mg ozone absorbed/mg initial TOC, respectively, before aerobic bio degradation.
Overall TOC removals corresponding to overall COD removal values presented earlier is presented in Figure 8 . Effect of Alkalinity Removal Before Ozonation. The advan tage of pH reduction and inorganic carbon removal before ozona tion and subsequent aerobic biod?gradation in phase II experiments was two-fold. First, pH reduction and inorganic carbon removal resulted in more efficient ozone absorption by anaerobically treated distillery spent-wash (see Figure 2) . Thus, the applied ozone dose required to achieve some specified ozone absorption was less in these cases compared with phase I experiments, where ozonation was carried out at pH 7 and with no inorganic carbon removal.
Second, comparison of overall COD removal values given in Tables   5 and 6 for phases I and II experiments, respectively, indicates that, at comparable absorbed ozone doses, overall COD removal is Overall, TOC removals were also higher during phase II experi ments, with approximately 90 and 96% TOC removals obtained during phases I and II experiments, respectively, when ozonation was carried out at a dose of approximately 5.3 mg ozone absorbed/ mg initial TOC (see Figure 8 ).
Summary and Conclusions
The results of this study clearly show that insertion of an intermediate ozonation step during treatment of distillery spent wash by anaerobic-aerobic biod?gradation will result in in crease of the percentage of COD removal from 70% when no ozonation was used to greater than 95% at ozone doses of approximately 5.3 mg ozone absorbed/mg initial TOC. It was also demonstrated that ozonation at low pH values and after removing alkalinity resulting from inorganic carbon was advanta geous compared with ozonation at pH 7 without removing alkalinity. Specifically, the main conclusions of this study are as follows:
Ozonation of anaerobically treated distillery effluent results in a decline in TOC, COD, specific absorbance, and specific color (see Figures 3 to 6 ). Ozonation also enhanced overall COD removal of anaerobi cally treated distillery effluent, with more COD removal observed at higher ozone doses. This enhanced COD removal was partially a result of degradation of COD by ozonation and partially a result of enhancement of biodegradability of the ozonated aliquots (see Tables 4 to 6 as-is) and phase II (ozonation of anaerobically treated distillery effluent after pH reduction and alkalinity removal) experiments demonstrate that phase II experiments result in greater COD and TOC removals at comparable ozone doses (see Tables 5  and 6 and Figure 8 ).
However, the main advantage of the phase II experiments is in the more efficient ozone absorption observed in these cases. Thus, compared with phase I experiments, a lower amount of gaseous ozone has to be applied during phase II experiments to obtain comparable amounts of ozone absorption by the ozonated aliquots (see Figure 2) .
However, these advantages of the phase II experiments are coun terbalanced by the fact that pH reduction, stripping of inorganic carbon before ozonation, and an increase of pH before subsequent aerobic biod?gradation constitute imposition of additional process requirements and thus additional costs. These costs must be com pared with savings in ozone dose and better effluent quality obtained in phase II experiments before pH reduction and inorganic carbon removal are adopted as part of the treatment process for degradation of refractory substances in distillery spent-wash.
